A W c t Singlecrystal, powder, and frozen-matrix ESR experiments have been performed to study the radiogenic electron-capture properties of several diastereoisomeric and asymmetric diphosphine disulfides (R,RzP(S)P(S)R3R4). The principal values of the hyperfine couplings of several phosphorus-centered radical configurations are determined and related to the spin density distribution. Attention is focused on the strong differences in radiogenic properties, observed between the meso and racemic forms of phenyl-and tolyl-substituted diphosphine disulfides. The most striking result is that X irradiation of the crystalline meso compounds MePhP(S)P(S)MePh, Me@-Tol)P(S)P(S)Me@-Tol), and Ph(PhCHz)P(S)P(S)Ph(CH2Ph) does not lead to the formation of a three-electron bond PAP u* radical but invariably results in configurations in which the unpaired electron is primarily localized on one half of the molecule. X irradiation of the corresponding racemic forms, on the other hand, gives rise to P L P u* configurations. The observed discrimination between symmetric and asymmetric configurations is explained in terms of intermolecular steric interactions affecting the geometry relaxation of the precursor molecule after initial electron addition. For a quantitative assessment, the change in van der Waals energy resulting from elongation of the P-P bond of the molecules in their respective crystal lattices was calculated with X-ray crystallographic data. The calculations reveal significantly stronger steric interactions for the aromatic meso compounds than for their racemic forms, in agreement with the absence of PAP u* configurations in the first. X irradiation of diphosphine disulfides in a frozen THF matrix almost invariably results in a single radical product, being the PAP u* configuration, and differences between meso and racemic isomers disappear. This is a consequence of the fact that in a randomly oriented solid matrix the molecular packing is less tight than in a molecular crystal, making more space available to the precursor molecule. It is concluded that in case stabilization of the initial electron adduct via P-P bond length elongation is unfavorable because of steric interactions, other relaxation pathways become accessible, resulting in alternative phosphoranyl radical configurations.
In recent years the radiochemistry of organophosphorus compounds has received considerable attention. The phosphoruscentered radicals, formed in the radiation process, are of special interest because of their diverse structural and dynamical prop erties and their possible relevance to radiation damage in biochemical systems.'" It has been shown from a number of single-crystal ESR studies that the precise nature of the configuration of a phosphoranyl radical depends on the type of ligands surrounding the central phosphorus nucleus. Only recently have effects other than the nature of the substituents been envisaged as being essential to the formation of radiogenic phosphoruscentered radicals. In this respect, aspects of conformation and configuration of the precursor molecules and the involvement of the precursor environment in the electron-capture process have been studied.4d
Substituted diphosphine disulfides (R,R,P(S)P(S)R,R,) can serve as good probes to study phosphoranyl radical formation because of their intrinsic ability to adopt various radical configurations from a single molecule (Figure l) .' X irradiation of a diphosphine disulfide almost invariably results in the formation of an electron-capture radical in which the unpaired electron is accommodated in the antibonding u* orbital of the inter-phosphorus bond. As a consequence, the electron is symmetrically distributed over the two phosphorus nuclei. Complementary to this symmetrical PAP u* configuration, several radical structures with an asymmetrical spin density distribution have been established. One of the asymmetric structures frequently observed is a radical in which the odd electron is located in the vacant equatorial position of a trigonal-bipyramidal configuration (TBP-e). Another asymmetric structure has been identified as a phosphoranyl radical in which the unpaired electron resides in an antibonding u* orbital of the phosphorussulfur bond ( P S U').
' Eindhoven Universitv of Technolonv. -_ *State University of otrecht. 
P-ToI

PhCHz
When different substituents (R, # R2 and R, # R4) are introduced into the diphosphine disulfide, the phosphorus atoms become chiral centers and the compounds may exist as diastereoisomers in meso and racemic forms. We have recently established that X irradiation of the meso and racemic forms of 1,2-dimethyl-1,2-diphenyldiphosphine disulfide (1, 2) gives rise to completely different radical product^.^ The most striking dif- Formation of PAP u*, TBP-e, and P S u* configuration by radiogenic electron capture of diphosphine disulfide derivatives.
ference observed is the absence of a symmetrical PAP u* radical in the meso compound (l), because in all other X-irradiated diphosphine disulfides previously studied this configuration prevailed over the asymmetric structure^.^^ This result would not be expected in advance because a PAP u* molecular orbital can be accommodated perfectly by the initial Ci symmetry of the molecule. Moreover, quantum chemical calculations from a 4-3 1 G* basis set for m e m and rac-1,2-dimethyldiphosphine disulfide predict that the symmetrical PAP u* structure is the most stable configuration for both isomers!
In order to illuminate this phenomenon, we performed extensive single-crystal, powder, and frozen-matrix ESR studies on the radiogenic electron-capture properties of several diastereoisomeric and asymmetric diphosphine disulfides (Table I) in which we concentrate on intrinsic and intermolecular effects on radical formation. The choice of precursor molecules was based on several aspects.
First, we were interested how radical formation of chiral mesoand rue-diphasphine disulfides is affected by the difference in the size of the substituents linked to the phosphorus nucleus. For this purpose, compounds 3-6 were studied. It is to be expected that if size difference effects would be important, substituting an ethyl group (3, 4) by a bulky tert-butyl (5, 6 ) should have a strong impact on the resulting radical products. Second, when the radiogenic behavior of compounds 7-10, closely related to 1 and 2 are studied, the effect of aryl substituents directly linked to a phosphorus nucleus can be probed in more depth. Finally, compounds 11 and 12 were used to test the relevance of small symmetry distortions in discrimination between symmetrical and asymmetrical configurations. These two compounds possess an inherent asymmetry between the two phosphorus moieties, which possibly inhibits the formation of a symmetrical PAP a* radical.
Aside from the aspects based on the intrinsic reactivity of the precursor, we examined the influence of intermolecular steric control'*14 on the radiogenic behavior of the precursor molecules. For this reason all compounds were not only X irradiated in pure crystalline state but also, in case of sufficient solubility, embedded in a frozen tetrahydrofurane (THF) host matrix. Furthermore, the X-ray crystallographic structures of compounds 2,7, and 8 were determined. In combination with the corresponding structures of 1,15 5,16 and 6,16 we were able to calculate the change of the van der Waals energy in the crystal resulting from the geometry relaxation after formation of the initial electron-capture adduct .5
Our experiments show that the absence of a symmetrical PAP u* configuration is an unique property of all meso compounds in which an aromatic substituent is directly linked to phosphorus.
Even the asymmetric precursors 11 and 12 give rise to PAP u* radical formation. The results are rationalized on the basis of the conformation of the precursor molecules in relation to their crystal environment. demonstrate that in crystals of 1 and 7, where no PAP u* radical formation is detected, the elongation of the P-P bond is sterically more restricted than in 2,5, 6, and 8 in which the symmetrical radical configuration is readily formed. We conclude that PAP U* radical formation is in general only possible on the condition that sufficient space is available for elongation of the original P-P bond in the crystal lattice. This provides new evidence for the fact that organic solid-state radiogenic reactions are topochemically controlled and tend to occur with minimum deforming of the surrounding crystalline matrix. Important support to this assertion comes from the fact that significant differences are established between X-irradiated diphosphine disulfides in crystalline solid state and in a THF host matrix.
Experimental Section
X Irradwtion and ESR. Single crystals were glued onto a quartz rod and sealed in a quartz tube. A quartz tube containing a single crystal, powdered sample, or frozen solution was X irradiated in a glass Dewar vessel containing liquid nitrogen (77 K) with unfiltered radiation from a Cu source operating at 40 kV and 20 mA for 6-8 h. The FSR spectra were recorded on a Bruker ER 200D spectrometer, operating with an X-band standard cavity and interfaced with a Bruker Aspect 3000 computer. In a typical run the field sweep width of 0.1875 T was sampled with 4K data points, resulting in a digital resolution of 0.045 mT. The single crystals were rotated perpendicular to the magnetic field from 0 to 180°, in IOo steps, with a single-axis goniometer. The temperature was controlled with the aid of a Bruker ER 41 11 variable-temperature unit. Spectral Analysis. The g values and hyperfine coupling constants determined from the powder spectra were corrected with the Breit-Rabi equations.17 The single-crystal spectra were analyzed with a computer program that calculates the spin Hamiltonian parameters from the angular dependences of the resonant fields. For the radicals studied, the spin Hamiltonian consists of Zeeman, nuclear Zeeman, and hyperfine parts of orthorhombic symmetry and noncoaxial orientation of g and A. The applied Hamiltonian is in which all symbols have their usual definitions. The program first determines the location of the ESR references axes throughout the rotational series. Then the initial g and A tensors are determined and subsequently corrected with the Breit-Rabi equations.17 In a last step, the g and A tensors are adjusted to reproduce the observed field transitions for a number of special orientations. Finally, an accuracy test is performed in which the resonant fields are calculated via an exact diagonalization of the Hamiltonian with the final g and A tensors and compared to the observed values in order to obtain the rms error. Although the powder ESR spectra can be complex due to nonalignment of the g and hyperfine tensors and to the tensors not being perfectly axial, a close agreement is obtained between the principal values emerging from powder and single-crystal analyses. On the basis of this correspondence we expect the error in the powder data to be in the order of magnitude of the line width, i.e., approximately 1 mT (25 MHz).
X-ray Crystal Structure Analyses of 2,7, and 8. For the three compounds cell parameters and crystal orientation parameters were obtained by least-squares refinement of the setting angles of 25 reflections (25 < 28 < 41'). The crystal of 2 showed considerable continuous decay during X-ray exposure. Therefore, the collection of data in half of the reflection sphere was repeated three times, and every 1 h three standard reflections were measured to monitor the decay process. In 36 h of X-ray exposure the intensities of the standard reflections dropped linearly to about 50% of the initial values. After correction for decay the rms deviation was less than 3%.
The data were corrected for Lorentz and polarization effects, but not for absorption. For compound 2 space group PT was confirmed by the in which t, is the energy parameter related to the depth of the potential well, R, ' the van der Waals radius, and R, the internuclear distance. The P-P bond of the molecules was elongated, and the total change in Edw of an expanded crystal lattice was calculated for all atoms in the molecule. Allowance was made for the molecule to reorient by a change of the P-P bond direction. The individual meso and racemic compounds were obtained after chromatographing on a silica 60 column with n-hexane-diethyl ether as eluent meso-and ~c -l , 2 -~~h y l -l , 2~i -~-t o l y~i~ disulfide (7 ami 8) were synthesized by a procedure analogous to that of Maier22 with dichloromethylphosphine sulfide and p-tolylmagnesium bromide as reactants. meso-and r c l c -1 , 2 -d i b e a z y l -l , 2 -~~y~i~ disulfide (9 and 10) were prepared by a procedure analogous to that of Crofts and Gosling2' with dichlorophenylphosphine sulfide and benzylmagnesium chloride as reactants. The meso component was obtained after recrystallization from chloroform; the racemic component, from several crystallizations from ethanol-tthyl acetate ( 9 1 (v/v)). 9: 3tP NMR 6 40. l-Metbyl-l,2,2-tripl~enyldipboephiw disulfde (11) was synthesized by adding dropwise 0.8 1 g (0.0042 mol) of chloromethylphenylphosphine sulfide, which was prepared according to a literature procedure of in 25 mL of dry toluene at room temperature to 0.93 g (0.0043 mol) of diphenylphosphine sulfide and 0.45 g of (0.0044 mol) triethylamine in 25 mL of dry toluene. After the mixture was stirred for 2 h, (24) Crofts. P. C.; Gosling, K. J. In THF host matrix.
spectrum associated with a double doublet arising from the coupling with two different 31P nuclei. Radical 3c results in a doublet powder spectrum in which hyperfine interaction with a single 31P nucleus is presented. The parallel ( A l l ) and perpendicular (A,) parts of the hyperfine coupling constant and g values determined for 3a-3c from the spectra are comprised in Table   111 along with the calculated isotropic (Ab; Ai, = (A,, + 2A,)/3) and anisotropic or dipolar (Adip; Adip = (Ail -Ah)/2) hyperfine constants. From Ai, and Adip the valence s-and p-orbital spin densities are estimated (Table IV) .28
On the basis of the hyperfine coupling with two identical nuclei, we attribute radical 3a to a symmetrical PLP u*-type radical. Moreover, the hyperfine couplings of 3a are similar to symmetrical PAP u*-type radicals previously generated in tetramethyl-and tetraethyldiphosphine disulfide.' On the basis of the different hyperfine interactions with two unequivalent 31P nuclei, we attribute radical 3b to a TBP-e configuration. This assignment is supported by the result that the parallel features of the largest coupling display perpendicular transitions of the smallest 3LP coupling. This is a consequence of the almost perpendicular orientation of their respective parallel principal directions, which indicates a TBP-e structure with a central 31P nucleus and the contiguous 3'P nucleus in an axial position. The second axial position is occupied by the sulfur atom. The isotropic and dipolar hyperfine constants are again similar to TBP-e radicals generated in related diphosphine disulfide derivatives.' Radical 3c is assigned to an asymmetrical three-electron-bond adduct between phosphorus and sulfur ( P S u*), and its hyperfine data agree well with previous results.73 When is warmed, the signals diminish and are irreversibly lost at 230 K. Subsequently, a secondary phosphorus-centered radical appears (3d). This radical exhibits hyperfine interaction with one 31P nucleus, and it is assigned to a dissociation product resulting from a rupture of the P-P linkage. A schematic representation of the observed radiogenic radical formation in 3 is depicted in Figure   4 .
Interestingly, if 3 is X irradiated, being solvated in a frozen T H F matrix, only the symmetrical PLP u* radical can be detected (Figure 3b ; Tables 111 and IV) . This experiment demonstrates the decisive role of intermolecular geometrical considerations in controlling the course of the reaction. In the crystalline state with its packed three-dimensional periodic environment, a variety of products (3a-3d) is formed, whereas in a randomly oriented T H F host matrix only one radical product is generated.
r~c-l,Z-Dimthyl-l,Z-diethyldiphmphine Disulfide (4). Due to a low yield of compound 4, we could not purify it from 3 completely and a mixture (3:4 1:7.8) was used. After 8-h X irradiation, 4 displays the powder ESR spectrum depicted in Figure   5 . From the spectrum we can assign radical 4a with certainty.
Other radicals, present in low concentration, could originate from 4 but cannot be identified unambigously because of interference of radicals generated in the impurity 3. Radical 4a shows the same spectral features as radical 3a and
is therefore attributed to a PLP a*-type radical (Figure 6 ).
If X irradiation of 4 is performed in a frozen T H F matrix, the ESR spectrum is essentially identical with that of the crystalline compound, giving predominantly 4a30 (Tables 111 and IV Apparently, the symmetric PLP u* structure prevails in both diastereoisomeric forms (3,4) over asymmetric radical configu-(30) For radical 4 . generated in frozen THF the dipolar hyperfine coupling (102 MHz) emerging from the ESR spectrum is much less than the corresponding value for radical 4 . in crystalline solid state (173 MHz). The isotropic hyperfine couplings also deviate. This discrepancy is the result from the fact that the parallel features of 4 . are hardly dimmable in the THFhost-matrix spectrum presumably due to the presence of a second unidentified radical product. The most intense absorptions, belonging to radical Sa, constitute a four-line pattern and reveal hyperfine interaction with two identical 31P nuclei. The central mI = 0 lines are split as a result of the nondegeneracy of the I = 1 and I = 0 energy levels due to the large hyperfine interacti~n.~' Radical 5b shows hyperfine interaction with two different 3'P nuclei, resulting in a double doublet. Finally, radical 5c displays hyperfine interaction with a single phosphorus atom resulting in a doublet.
In order to get detailed insight in the spin Hamiltonian parameters of these radicals, a full single-crystal ESR analysis was performed in which the X-irradiated crystal was rotated about three mutually orthogonal ESR reference axes. Throughout the rotations, each radical showed only one orientation in agreement with the crystallographic data (Ci symmetry, Z = 1).
The hyperfine and g tensors of radicals 5a-5c and their isotropic and dipolar components, derived from t M three principal values via the equations Ai, = ( A , + A2 + A3)/3 and Adip = (AsAi,)/2, are given in Tables 111 and V, and the corresponding approximate valence s-and p-orbital spin densities are given in Table IV . Calculating the field transitions with the final g and A tensors yields a rms error of 0.16 mT that is substantially less than the line width of the absorptions.
Radical 5a is assigned to a P : P u* structure since the hyperfine couplings are similar to radical 3a (Figure 8) . Radical 5b is attributed to a TBP-e type radical with the adjacent phosphorus atom and the sulfur atom in the axial positions. Radical 5c is an asymmetrical P S u*-type radical, and its spin Hamiltonian parameters are similar to those of the asymmetrical P I S a*-type radical formed in tetraethyldiphosphine disulfide.' From the direction cosines of the largest principal hyperfine coupling, which correspond to the direction of the single occupied molecular orbital (SOMO), it is possible to calculate the relative orientations of the SOMOs of 5a-5c (Table VI) . It is readily shown that the directions of all the hyperfine couplings are coplanar. Single-crystal ESR experiments on tetramethyldiphosphine disulfide and ab initio quantum chemical calculations have shown that the principal direction of the SOMO of a symmetric PAP u* radical is located in the S-P-P-S plane and makes an angle of approximately 25-30' with the P-P bond.' Since all principal couplings of 5a-5c are coplanar, a schematic representation of their SOMOs can be obtained by locating the directions in the S-P-P-S plane and fixing the angle of Sa with the P-P bond to 25' (Figure 9 ).
The ESR spectrum of 5 in frozen T H F is very different from the spectrum of the pure compound. Now two radical species could be identified, the PAP u* radical Sa present in low concentration and the strong signals of a species comparable to radical 5c but with a smaller contribution of the phosphorus valence s orbital (Tables 111 and IV) .
Comparing the meso forms 5 and 3, it appears that the radicals generated in the crystalline matrix are very similar, the only difference being the dissociation product, which is not detected in 5. This leads to the suggestion that the tert-butyl group does not exert a large influence on the electron-capture behavior.
Moreover, an absence of a PLP u*, as in the meso compound 1, is not observed. Considering the bulkiness of the tert-butyl group, this leads to the imperative conclusion that the size of the substituents in itself is not the principal driving force for the observed discrimination between radiogenic radical configurations generated in meso-and rac-1,2-dimethyl-1,2-diphenyldiphosphine disulfide (1 and 2, respectively).
rac-1,2-Dimethyl-l,2-di-tert-butyldiphosphine Disulfide (6).
According to Wunderlich and WUSSOW,'~ 6 crystallizes in the monoclinic space grou P2, with 2 molecules in the unit cell ( a =6.582&6= 14.663 1 ,c=8.463&/3= 110.27'). Thecrystals obtained from ethanol are flat needles. The 2 molecules in the unit cell are of the same absolute configuration. The conformation of 6 is totally different from the one usually encountered for diphosphine disulfides; Le., the bulky tert-butyl groups are trans-oriented and force the sulfur atoms into a gauche conformation. The crystal analysis, furthermore, reveals that the two phosphorus moieties of the molecule are slightly different, a fact that has been confirmed by 31P MAS solid-state NMR.31
The ESR spectrum of an X-irradiated, randomly oriented single crystal reveals the presence of two phosphoranyl type radicals (6a and 6b) at low temperature (105 K). Slightly warming leads to a rapid loss of 6b and the concurrent formation of two new phosphorus-centered radicals species (6c and 6d) (Figure 10 ). Radical 6a displays an intense four-line pattern, where each line reveals an additional small hyperfine splitting (1.2 mT), probably resulting from hyperfine interaction with a 'H nucleus.
The spectrum of 6a is readily associated with a radical possessing two identical 31P nuclei. Radical 6b gives rise to a double doublet as a result of the hyperfine interactions with two different ,IP nuclei. This radical is rather unstable and vanishes rapidly upon annealing. The ESR spectrum attributed to 6c, which is a secondary radical, consists of four equally intense triplets. This complex pattern is the result of hyperfine interactions with two different 31P nuclei and probably two identical IH atoms. The other secondary radical (6d) appears in the spectrum as a IIP doublet.
Accurate spin Hamiltonian parameters were obtained from a single-crystal ESR analysis. The X-irradiated single crystal was rotated in three mutually orthogonal planes. For this purpose the x axis was chosen along the long needle axis, they axis perpendicular to the flat needle face, and the z axis along the short needle axis. The orientation dependence of the resonant fields is depicted in Figure 1 1 . A special feature that can be noted is the fact that in the xz plane only one orientation of every radical product is detected. This can be rationalized only when they reference axis corresponds to the crystallographic b axis (2-fold screw axis). Magnetically inequivalent sites are observed for 6a in the xy and yz planes and for 6b in the xy plane.
The resonant field values were analyzed with the computer program, and the resulting hyperfine and g tensors are enumerated in Table VII . The corresponding valence-orbital spin densities are listed in Table IV . The rms error of the calculated field transitions, averaged over the different radical species, amounts to 0.25 mT.
The assignment of 6a-6d to specific radical structures is not straightforward and will be elaborated in some detail. The most plausible inference of the result that radical 6a possesses two identical phosphorus nuclei is that 6a represents a symmetrical PAP u* configuration. Since the hyperfine couplings of the two 31P nuclei appear to be equivalent for all orientations of the magnetic field,32 the principal directions of the hyperfine tensors must coincide. As a consequence of the near C2 symmetry of the precursor molecule, these principal directions must either coincide with or else be perpendicular to the C, axis. The SOMO of the PAP u* radical must, therefore, be located in the t-Bu-P-P-t-Bu plane, which also accounts for the high total spin density on the two phosphorus atoms (82.4%) due to a decreased spin delocalization onto the adjacent sulfur atoms. Radical 6b is attributed to a TBP-e type radical with the neighboring phosphorus and sulfur atoms in the axial positions. The spin Hamiltonian parameters of 6b are similar to those of radical 3b. Radical 6c is assigned to an asymmetric P S u*-type radical with a small hyperfine coupling from the second phosphorus nucleus.33 Radical 6d is a dissociation product resulting from a rupture of the P-P linkage, A careful evaluation of the direction cosines and the total number of observed magnetically inequivalent sites of 6b-6d reveals that each of these radical species, in which the unpaired electron is primarily localized on one half of the molecule, must descend from only one of the two geometrically nonidentical phosphorus moieties (32) It is difficult to prove the exact equivalence of the two 'lP nuclei for all orientations, since it is not alwap psible to distinguish between the ESR spectra of two identical nuclei and two nuclei with slightly different couplings. As an example, consider the isotropic rlP hyperfine couplings A, and A2 of a hypothetical radical with g = 2.002 32 and a spectrometer frequency of 9.4 GHz (X band). In the case A, = A2 = IO00 (33) An alternative assignment for this species would be a distorted TBP structure with the second phosphorus occupying the uatorial position. This configuration would explain the observed additiona7lP hyperfine coupling but implies on the other hand an axial position of a carbon atom in the TBP, which is less probable. OBecause no absolute sign can be attributed to the direction of a principal value, there is an ambiguity of f 1 8 0° in the listed angles. and subsequent annealing.
present in the molecule (e&, the TBP-e radical 6b cannot be generated in one molecule on PI and in another molecule on Pz).
This interesting effect emphasizes the complexity of factors involved in the formation of electron-capture products.
The relative orientations of the SOMOs calculated from the direction cosines of the largest hyperfine coupling constants are given in Table VIII . A schematic representation of the radical structures is depicted in Figure 12 .
We also studied the radiogenic radical formation of 6 in a THF host matrix. X irradiation results in an ESR spectrum that is Figure 13 , Single-crystal ESR spectrum of X-irradiated meso-l,2-dimethyl-1,2-di-p-tolyldiphasphine disulfide (7) showing the transitions of radical 7a at 105 K.
essentially identical with that of its meso isomer, 5, and hence similar radicals must have been formed. They are assigned to PAP u* (6a) and P I S u* (6c) structures (Tables I11 and IV) .
It is to be noted that compounds 5 and 6, when X irradiated in a T H F host matrix, react in a manner different from all other diphosphine disulfides by the fact that the PLP u* configuration is not the most abundant electron-capture product, but instead the P I S u* configuration prevails. mes0-1,2-Dimethyl-l,2~-~-tdy~~ Disutfide (7). The mew isomer 7 is crystallized from acetone. X-ray crystallographic analysis (Table 11) The ESR spectrum of a randomly oriented, X-irradiated single crystal of 7 shows the weak features of a single phosphoranyl-type radical 7a (Figure 13 ). The ESR absorptions of 7a constitute a doublet, indicating hyperfine interaction with one 3*P nucleus.
Upon warming, no new radical species can be detected and 7a is irreversibly lost a t 250 K.
On the basis of E l l a symmetry of the crystal, two magnetically different orientations of 7a can be expected. The fact that during rotation of the crystal in three mutual orthogonal planes only one orientation is observed can be rationalized with either an orthogonal or parallel orientation of the SOMO with the 2-fold crystallographic screw axis ( b axis). The results of the singlecrystal ESR analysis are given in Table IX . T h e y component of the eigenvector corresponding to the largest principal hyperfine coupling amounts to only -0.081, suggesting that the SOMO is orthogonal to b. The 2-fold symmetry transfers a SOMO in the (x,O,z) direction to the magnetically equivalent direction @,Os).
The rms error of the calculated field transitions is 0.17 mT, substantially less than the line width.
We assign 7n to an asymmetrical P I S u*-type. radical ( Figure  14) . The spin Hamiltonian parameters are similar to those of previously reported P S u* The very low solubility of 7 in etheric solvents precluded a host-matrix study.
Summarizing, it appears that, analogous to 1, no symmetrical PLP u* configuration is formed in this meso form after X irradiation. The molecules possess no internal symmetry element, the P-P bond distance is 2.2259 (8) A, and the SPPS torsion angle amounts to 176.34 ( 4 ) O , indicating a small deviation from an exact trans location. The halves of the molecules differ mainly by the orientation of the p-tolyl group with respect to the P-P bond (PPCC torsion angles of 112.9 (2)' and 77.9 (2)').
rac-1,2-~thyl-l,2-di-p-tdykliphosphi Disulfide (8)
X irradiation of 8 results in an ESR spectrum in which two types of phosphoranyl radicals can be detected, 8a and 8b (Figure   15 ).
The m a t intense absorptions (8a) form a four-line pattern from which hyperfine interactions with two identical 3*P nuclei can be deduced. Radical 8b exhibits a double doublet pattern indicating hyperfine interaction with two different 31P atoms.
In order to obtain better insight into the orientational dependence of the hyperfine and g tensors, a full single-crystal ESR analysis was performed. Prior to the automated calculation of the spin Hamiltonian parameters, radical 8a seemed to be present in four orientations and radical 8b in two, but the computations reveal that the spectrum of radical 8a constitutes in fact two orientations of two slightly different PAP u* radicals, &(A) and 8a(B) ( Table X) . Radical 8b is attributed to an asymmetrical No experiments in a THF host matrix were done for 8, because a comparison with the corresponding meso structure (7) is not possible (vide supra). u*-type radical (Figure 18 ). Again the presence of an aryl group linked to phosphorus leads to the absence of the symmetrical PAP u* radical in the meso form. Upon warming, no new phosphoranyl radical is formed and radical 9a is irreversibly lost at 250 K. In contrast to the meSO compounds 1 and 7,9 is readily soluble in etheric solvents, giving the opportunity to study its electroncapture behavior in host-matrix environments. X irradiation of 9 in a THF matrix results in radical species %, which is completely different from the crystalline-state product ! h (Figure 17b ). Now the spectral features indicate hyperfine interaction with two identical atoms, and we assign radical 9b to a symmetrical PAP u*-type radical (spin Hamiltonian and approximate orbital spin densities are given in Tables 111 and IV) . Radical 9b is rapidly lost upon annealing, and no new phosphorus-centered radicals are detected.
mc-l,2-Dibenzyl-l,24ipbenyldi~phine Dhlfide (10). After X irradiation of 10 the ESR powder spectrum reveals the features of a t least three phosphoranyl-type radicals (1Oa-1Oc) ( Figure   19a ).
Upon warming, radical loa decreases rapidly and is irreversibly lost a t 135 K. Further annealing leads to the loss of lob a t 145 K. Radical 1Oc is lost at 21 5 K, and no new phosphorus-centered radical species appear. The spin Hamiltonian parameters and corresponding valence-orbital spin densities are enumerated in Tables 111 and IV . The spectral features of radical 1Oa indicate hyperfine interaction with two identical nuclei from which we conclude that 1Oa is a PAP a*-type radical. Radical lob displays the powder pattern of an asymmetrical P S u*-type radical having a large hyperfine interaction with one 3*P atom and a small, nearly isotropic, hyperfine interaction with another I = nucleus (possibly a 'H atom or the adjacent 31P atom). Radical species lOc, the most intense and most stable radical configuration, exhibits a doublet powder spectrum indicating hyperfine interaction with only one 31P nucleus. We assign 1Oc to an alternative configuration of an asymmetrical P S u*-type radical ( Figure   20 ). X irradiation of 10, dissolved in a T H F matrix, yields the same spectral features as radical 9b, so again only the symmetrical PAP J. Am. Chem. SOC., Vol. 11 2, No. 14, I990 5443 u*-type radical (loa) is formed (Figure 19b ). When the temperature is slowly raised, the signals of 10a are lost and a thiophosphonyl radical (lM) is formed as a result of a rupture of the P-P bond. Apparently, the differences between compounds 9 and 10 in the X-irradiated crystal solid state have disappeared in the THF host matrix. The difference between radiogenic radical formation in the crystalline and hat-matrix experiments must originate either from the influence of the crystal lattice or from a completely different conformation of the aryl ligands or from a combination of both. It is clear that the radiogenic behavior of the diastereoisomeric molecules changes dramatically by removing the molecule from its crystal environment and placing it in the T H F host matrix. The absence of radicals 10b and 1Oc in the THF host matrix indicates that by offering enough space to the radical precursor to change its geometry after electron capture, only the thermodynamically most stable radical, being the PAP u* configuration, will be formed ultimately leading to dissociation when the temperature is raised. The diversity of radicals formed in the solid crystal state must therefore originate from the strong impact of the lattice on the kinetics of the PIP (I* formation by which secondary reactions can occur.37 l-Methyl-l,2,2-tripbenyldipl~~sphine D i d i d e (1 1). Compound 11 was crystallized from ethanol, and a single crystal, shaped as a tetragonal prism, was X-irradiated for 8-h. The ESR spectrum at 105 K of this randomly oriented single crystal shows the absorptions of three phosphoranyl-type radicals of which only two could be assigned with certainty, lla and llb (Figure 21a ).
Upon annealing, lla is readily lost a t 145 K. Concurrently there is a small increase of the unassigned radical (indicated in Figure 21a with an asterisk). Further warming does not result in new radical configurations, and all phosphoranyl radicals are irreversibly lost at 245 K.
The hyperfine and g tensors were obtained by performing a single-crystal ESR analysis (Tables XI1 and XIII) . The computer program yields a rms error of 0.17 mT for the calculated field transitions.
Radical lla is attributed to a symmetrical PLP u* configuration that is formed in spite of the fact that the precursor possesses two completely different phosphorus nuclei. Radical llb can be assigned to an asymmetrical P S a*-type radical, in which the extra coupling comes from the neighboring phosphorus atom (Figure 22 ).j3 The isotropic and anisotropic hyperfine coupling constants of PI in llb have a close resemblance to those of the asymmetrical P S us-type radical formed in 14 It is reasonable to assume that the main spin density of the unpaired electron resides at the MePhP(S) moiety of the molecule.
Like the other compounds, we also studied the electron-capture properties of11 embedded in frozen THF. The resulting ESR spectrum (Figure 21b ) clearly shows the formation of the PAP u* radical lla and the concurrent absence of P S u* or TBP-e configurations. The only asymmetric phosphorus-centered radical detected in a dissociation product llc whose concentration in- and perpendicular to the faces of the crystal. The second orientation is related to ( x y , z ) by (R,y,z) . creases upon annealing. This experiment discloses two important aspects relevant to radical formation in diphosphine disulfides. First, the discrimination between symmetric and asymmetric spin density distributions as observed for 1 and 2 is not the result of a small asymmetry of the precursor molecule, since the intrinsic difference of the two contiguous phosphorus moieties of 11 does not inhibit the formation of a symmetric PAP u* radical. Second, the dissociation reaction, which gives a confirmation of the decreased stability of the P-P bond, is not observed in the tightly packed crystalline matrix but is geometrically allowed in the randomly oriented THF environment.
l,l-Dimethyl-2,2-diphenyldipbosphine Disulfide (12). The powder spectrum of X-irradiated 12, recorded at 105 K, reveals the presence of at least two phosphoranyl-type radicals, 12a and 12b (Figure 23a with only one phosphorus atom, and we assign it to an asymmetrical P-IS u*-type radical. Radical 12c reveals hyperfine interaction with a single ,IP nucleus and, on the basis of the spin Hamiltonian parameters, is attributed to a dissociation product, resulting from a rupture of the phosphorus-phosphorus bond ( Figure 24 ).
X irradiation of 12 at 77 K, in frozen THF, results in the ESR spectrum given in Figure 23b . The spectrum shows clearly the outmost lines of the PAP u* radical (12a) and is further characterized by the absence of P S u* (1%) or TBP-e configurations.
The low-and high-field manifolds of 12a possess a rather complicated appearance, and the broad transitions indicated with an asterisk (Figure 23b ) might originate from an alternative P-P u* configuration, somewhat different from the sharp transitions assigned to 12a.
Discussion
The present results demonstrate that stereochemical and environmental effects can be decisive for the formation of phosphorus-centered radicals in diphosphine disulfides derivatives. The most striking result is that X irradiation of the crystalline meso compounds 1 (MePhP(S)P(S)MePh), 7 (Me@-Tol)P(S)P(S)-Me@-Tol)), and 9 (Ph(PhCH,)P(S)P(S)Ph(CH,Ph)) does not lead to the usual PAP u* configuration but invariably results in the formation of alternative radical configurations in which the unpaired electron is primarily located on half of the molecule, Le., a spin-localized structure. X irradiation of the corresponding J . Am. Chem. SOC., Vol. 1 12, No. 14, 1990 5445 crystalline racemic forms (2,8, IO) , on the other hand, gives rise to the symmetrical PAP u* configuration (spin-delocalized). It appears that the observed discrimination between symmetric (spin-delocalized) and asymmetric (spin-localized) configurations is an unique property of substituted diphosphine disulfides with aromatic substituents directly linked to the phosphorus nuclei. The marked difference in radical formation of meso and racemic diastereoisomers is not observed for diphosphine disulfides with four aliphatic substituents and seems not to be related to the size or bulkiness of the ligands. Accordingly, X irradiation of racMeEtP(S)P(S)MeEt (4) results in PAP u* radicals, and the meso form (3) gives both symmetric and asymmetric species. Likewise for meso-and rac-Me(?-Bu)P(S)P(S)Me(t-Bu) (5 and 6) only small differences are encountered between radical formation in the diastereoisomers. In part this close agreement was not to be expected in advance, because the molecular conformation of the racemic molecules (6) is characterized by a gauche conformation of the sulfur atoms, completely different from the usual trans location of other diphosphine disulfides. Especially the formation of a symmetric P : P u* radical is therefore to be noted.
Besides the nature of the substituents, we investigated the possibility that a small geometry distortion of half of a symmetric diphosphine disulfide precursor directs the unpaired electron to one of the two phosphorus nuclei. Such a distortion is mimicked by the precursors MePhP(S)P(S)Ph, ( 1 1 ) and Me2P(S)P(S)Ph2
(12), which incorporate an intrinsic asymmetry between the two phosphorus moieties. Nevertheless, X irradiation of the crystalline compounds generates, among spin-localized structures, unmistakable radical configurations with equal spin density on the two phosphorus nuclei. Hence, it can be concluded that the formation of a P : P u* radical is not likely to be inhibited by small symmetry distortions.
The excellent agreement between the results of the X-irradiated meso compounds containing aromatic substituents directly linked to the two phosphorus atoms indicates that there exists a mutual driving force that precludes the formation of symmetric PAP u* radicals. Explanation for this phenomenon cannot be purely based on intrinsic molecular properties of the isolated molecules. This is evident from the experiments in a frozen THF host matrix. X irradiation of the mew form of Ph(PhCH,)P(S)P(S)Ph(CH,Ph) (9) in a T H F matrix gives the PAP u* radical, completely different from the P S u* radical encountered in the crystalline compound, but almost indistinguishable from the PAP u* configuration of the racemic form (10). This experiment demonstrates that environmental effects, possibly in combination with intramolecular forces, are very important to explain radiogenic radical formation in the crystalline compounds.
It is clear that the rate of stabilization of an initial electroncapture product toward a stable configuration determines the overall radiation process. Provided geometry relaxation is fast and leads to sufficiently deep traps, the anion radicals can be detected via ESR spe~troscopy.~~ This concept gives an opportunity to explain the strong differences between the radiogenic formation of PIP u* configurations in the aromatic substituted meso compounds (1,7,9) and the racemic analogues (2,8, 10) . Upon formation of a PIP u* radical, the P-P bond will acquire some antibonding character and tend to elongate. This relaxation must be accommodated by the crystal lattice and will be strongly influenced by neighboring molecules. Fortunately, it is possible to probe the environments of the crystalline compounds via X-ray crystallographic analysis and to mimic the solid-state reaction involved in the radiation process. For several of the compounds studied, X-ray crystallographic data are available: l , I 5 5,16 6,16 7, and 8 (vide supra). In addition we performed a crystallographic analysis on rac-2 (Table 11) conformation generally observed in diphosphine disulfides. Despite the absence of an internal symmetry element, there are only minor differences in the bond distances and angles of the halves of the molecules, which are also in close agreement with those of related s t r u c t u r e~. l~, '~,~~~~ The X-ray data allow a calculation of the change in van der Waals energy as a function of the P-P bond length. The m w compounds 1,5, and 7 possess a crystallographic inversion center on the P-P bond, relating the two identical phosphorus moieties of the molecule. The energy difference resulting from an elongation of the P-P bond in the m w molecules will therefore be the sum of two identical contributions. For the racemic compounds 2, 6, and 8, on the other hand, there is no internal symmetry in the molecule. Hence, the two phosphorus moieties experience different steric interactions, giving unequal contributions to the total change in van der Waals energy. To overcome this problem in the calculations, we first determined the energy for elongation of each half independently and afterward constructed the curves depicted in Figure 25 by summing the separate isoenergetic bond length elongations and doubling the required energy. From Figure 25 it is evident that the meso compounds 1 and 7 suffer the most from steric interactions with their crystalline environment. This result is in complete agreement with the X-irradiation experiments giving no PIP a* configurations in crystals of these compounds. For the rac-2, -6, and -8, and meso-5 the change in van der Waals energy is calculated to be initially negative and apparently low enough (Figure 25 ) not to obstruct formation and stabilization of a PAP a* radical in the crystal lattice. In the mem isomer 1 the largest contribution to the rise of the van der Waals energy coma from the interaction of the sulfur atoms with the peripheral hydrogen atoms ( Figure   26a ). For the racemic isomer 2, positive contributions result from hydrogen-hydrogen interactions (Figure 26b) , whereas a lowering of the steric energy comes from the release of the intramolecular interactions between sulfur and the methyl hydrogens on the contiguous phosphorus moiety.
It can be expected that in case stabilization of the initial electron adduct via P-P bond length elongation is unfavorable because of intermolecular restrictions, other relaxation pathways will become accessible, resulting in either an alternative phosphoranyl radical configuration (e.g., TBP-e or P 3 a*) or the loss of the extra electron. In this respect it can be noted that the presence of an aromatic substituent with a nearly perpendicular orientation of the aromatic ring and the P-P bond, as in 1 and This provides a convenient path for the molecule either to form an aromatic anion radical or to lose the electron to the matrix, ultimately leading to recombination of the electron with the parent cationic species.
Another point that must be noted is that X irradiation of the diphosphine disulfides in a frozen T H F matrix almost invariably results in a single radical product, being a PAP a* configuration. Only the two tert-butyl-substituted compounds 5 and 6 behave differently and give spin-localized radicals as major products. The ESR spectra of 5 and 6, however, are mutually nearly identical. The general tendency of diphosphine disulfides to give only PAP a* radicals in a frozen THF host matrix can be explained by the absence of strong intermolecular interactions. It seems reasonable to assume that in a randomly oriented solid matrix the molecular packing is less tight than in a molecular crystal and that more space is available to the precursor molecules. Upon electron capture, the newly formed radical will tend to adjust its geometry via bond stretching or bond bending, which will be more favorable if the reaction cavity is larger. Hence, we propose that since steric interactions do not strongly influence the molecular relaxation in a frozen matrix, X irradiation of precursor molecules in such a host environment will result in the configuration of lowest total energy, which appears to be the PAP a* structure.39 According to this principle, only a single radical product is formed in the frozen solutions, whereas X irradiation of crystalline samples often give rise to a number of different species.
It is interesting to note that despite the fact that the type of radicals formed upon X irradiation strongly depends on the packing of the precursors neighboring molecules, the spin density distribution of the resulting configurations is not seriously affected by the environment. This conclusion is based on the result that the valence-orbital spin densities of the respective configurations lie within a close range for the different compounds. Inspection of Table I11 reveals that the phosphorus valence s contribution, ps, for all PIP u* radicals in the crystalline solid state lies between 9 and 11% and the corresponding pp value between 21 and 30%.
Likewise, narrow intervals are found for the TBP-e configurations (p, = 11.5-12.5%, p = 24-27%), the P S u* radicals (p, = 12-14%, p = 37-54d), and the dissociation products (p, = 6-8%, pp = 41-f7%). For the PLP CP radicals it is also possible to compare the results from the crystalline state and the THF matrix. It appears that in T H F p, has decreased by approximately 0.5% and that the pp values lie in a somewhat larger interval ( 19-28%) .m
The results demonstrate that the spin density distribution of a specific configuration is fairly constant over the various diphosphine disulfide derivatives and only slightly influenced by its environment. A similar conclusion was obtained in experiments on PAC1 u* radicakS
We conclude that a factor of considerable importance in the radiogenic formation of radicals in molecular crystals is the fact that the reaction cavity can constrain the movements of the precursor and modulate the necessary geometry relaxation that (39) It is well-known that in protic and etheric solutions it is possible to observe specific electron-gain proceases (see e.g., SymonP). This is the result of efficient trapping of positive holes created in the radiation process and the generation of highly reactive pretrapped electrons. In the present case there is no evidence of a specific chemical effect of the solvent on the phosphorw-centered radicals or a reaction of the solute with radicals formed from the solvent .
accompanies the formation of a stable radical product. It has been shown that ifthe restraint of the environment inhibits the formation of the radical configuration energetically preferred by the isolated molecule, secondary relaxation modes become accessible leading to alternative structures. This provides a unique possibility to study molecular states that are usually undetected. In agreement with this principle, recent experiments reveal that organic photoreactions in the crystalline state tend to occur with a minimum of deformation of the three-dimensional crystal lattice, being topochemically c o r~t r o l l e d .~~~~~~~ This leads to the conclusion that the intrinsic reactivity of a molecule can be less important than the nature of the packing of its neighboring molecules.
The most illustrative example of this concept is given by our experiments on meso-l,2-dibenzyl-l,2-diphenyldiphosphine disulfide (IO). In its crystalline environment, X irradiation results in the exclusive formation of an electron-capture product in which the extra electron is confined to one of the two contiguous phosphorus moieties (spin-localized), In contrast, X irradiation of the same compound in a frozen T H F host matrix gives selectively the spin-delocalized three-electron bond PAP u* radical.
It will be of interest to determine structure-reactivity relationships for radical precursors in the solid state on the basis of a detailed knowledge of their microenvironment.
I. Introduction
Pyridine presents the simplest molecule among azaaromatic compounds and is considered to be the model for the study of the photochemistry and photophysics of such molecules. Consequently, its lowest excited states have amply been investigated, both theoretically and experimentally. Quantum chemical calculations have been primarily aimed at the localization of the nIr*-excited states, states that do not occur in the related hydrocarbon benzene. From an experimental point of view, progress was, despite all efforts, limited for a long time. This particularly concerned pyridine's lowest triplet state To, due to the virtual impossibility of detecting electronic transitions to and from this state.
In a recent series of p a p e r~l -~ on the lowest triplet state of 
